Abstract To investigate the membrane current changes induced by membrane stretching, single guinea pig ventricular myocytes were superfused with solutions of various osmolarities, and the whole-cell current was recorded by the patchclamp technique. The application of 70% and 130% osmolar bath solutions increased and decreased the amplitude of delayed rectifier K' current (IK), respectively, whereas no obvious change was observed in the L-type Ca2' current or the inward rectifier K' current. When the Na+-K+ pump current (IpUmp) was recorded by the use of high-Na+ (>35 mmol/L) pipette solutions, 'pump was also increased and decreased by the superfusion of hypotonic and hypertonic solutions, respectively, in approximately half of the cells. An increase of the IpUmp was also observed in the absence of external Na+, excluding a possibility that the enhancement of IpUmp was secondary to an elevation of cytosolic Na+. In most cells that did not show the increase of 1pUmp. the hypotonic superfusion induced a gradual activation of Cl-current. The hypertonic superfusion did not cause any consistent change in the membrane Cl-conductance. Since the response of 'K was observed in all experiments, its mechanism was studied. We failed to observe marked changes in the kinetic and conductance properties of 'K in the hypotonic solution. The involvements of either the protein kinases or Ca2' were also ruled out as major mechanisms underlying the IK response. (Circ Res. 1994;75: 887-895.) Key Words * cardiac myocytes * cell swelling * delayed rectifier K+ current * Na+-K+ pump current T he heart rate increases in response to an increase of venous return, and an acceleration of the spontaneous rhythm was demonstrated by stretching the isolated cardiac pacemaker tissue.12 Contraction of the ventricle increases under conditions of volume overload.3 These autoregulatory responses to mechanical stimuli are considered to be mediated at least in part by changes in the membrane current. Voltage-clamp analysis, however, is made difficult by a mechanical dislodgment of the intracellular electrode during stretch of the myocyte. To circumvent this difficulty, cell swelling by superfusing hypotonic solutions4 or by applying positive pressure into the whole-cell patch-clamp electrode5 was used to study the ©) 1994 American Heart Association, Inc. stretch applied to the longitudinal axis of the cell, however, occasionally increased the amplitude of a time-independent current, which was most probably mediated by an increase in the intracellular Ca`. It was suggested that cell swelling in the hypotonic solution might reflect the effect of stretching the cell membrane on ionic channels and that the mechanical stretch along the cellular longitudinal axis failed to apply effective stress to the surface membrane.
Increase of the Delayed Rectifier K' and Na+-K' Pump Currents by Hypotonic Solutions in Guinea Pig Cardiac Myocytes Norihito Sasaki, Tamotsu Mitsuiye, Zhuren Wang, Akinori Noma Abstract To investigate the membrane current changes induced by membrane stretching, single guinea pig ventricular myocytes were superfused with solutions of various osmolarities, and the whole-cell current was recorded by the patchclamp technique. The application of 70% and 130% osmolar bath solutions increased and decreased the amplitude of delayed rectifier K' current (IK), respectively, whereas no obvious change was observed in the L-type Ca2' current or the inward rectifier K' current. When the Na+-K+ pump current (IpUmp) was recorded by the use of high-Na+ (>35 mmol/L) pipette solutions, 'pump was also increased and decreased by the superfusion of hypotonic and hypertonic solutions, respectively, in approximately half of the cells. An increase of the IpUmp was also observed in the absence of external Na+, excluding a possibility that the enhancement of IpUmp was secondary to an elevation of cytosolic Na+. In most cells that did not show the increase of 1pUmp. the hypotonic superfusion induced a gradual activation of Cl-current. The hypertonic superfusion did not cause any consistent change in the membrane Cl-conductance. Since the response of 'K was observed in all experiments, its mechanism was studied. We failed to observe marked changes in the kinetic and conductance properties of 'K in the hypotonic solution. The involvements of either the protein kinases or Ca2' were also ruled out as major mechanisms underlying the IK response. (Circ Res. 1994;75: 887-895.) Key Words * cardiac myocytes * cell swelling * delayed rectifier K+ current * Na+-K+ pump current T he heart rate increases in response to an increase of venous return, and an acceleration of the spontaneous rhythm was demonstrated by stretching the isolated cardiac pacemaker tissue.12 Contraction of the ventricle increases under conditions of volume overload.3 These autoregulatory responses to mechanical stimuli are considered to be mediated at least in part by changes in the membrane current. Voltage-clamp analysis, however, is made difficult by a mechanical dislodgment of the intracellular electrode during stretch of the myocyte. To circumvent this difficulty, cell swelling by superfusing hypotonic solutions4 or by applying positive pressure into the whole-cell patch-clamp electrode5 was used to study the effect of stretching the cell membrane on ionic currents. Until now, it has been demonstrated that various types of K' and Cl-currents are increased by applying hypotonic solutions or positive pressure in different cell types (sinoatrial nodal cell,5 canine ventricular myocytes,4 human intestinal epithelial cells,6 and lymphocytes7). Our previous study8 compared responses of single ventricular cells between mechanical stretching and hypotonic superfusion. The superfusion of the cell with a hypotonic solution increased the amplitude of the delayed rectifier K' current (IK) without any marked changes in the time-independent currents. Mechanical ©) 1994 American Heart Association, Inc. stretch applied to the longitudinal axis of the cell, however, occasionally increased the amplitude of a time-independent current, which was most probably mediated by an increase in the intracellular Ca`. It was suggested that cell swelling in the hypotonic solution might reflect the effect of stretching the cell membrane on ionic channels and that the mechanical stretch along the cellular longitudinal axis failed to apply effective stress to the surface membrane.
The present study aims at clarifying changes in the membrane current during superfusion of the ventricular myocytes with hypotonic solutions. It was observed that the amplitude of IK, the Na+-K+ pump current (IpUmp), and a time-independent Cl-current (Ic%) were increased, whereas the inward rectifier K' current (IKI) and the L-type Ca' current (ICa) were not affected. If the myocytes were superfused with hypertonic solutions, both IK and 'pump were depressed. Mechanisms of the osmotic responses of 'K were also investigated, and the significance of these current responses will be discussed.
Materials and Methods
Single ventricular cells were obtained by treating guinea pig hearts with collagenase as previously described.9,10
Solutions
The control Tyrode's solution contained (mmol/L) NaCl 22±2 and 20±3 seconds, respectively.
Fig 1B shows the representative current recordings obtained with depolarizing pulses to 0 and +40 mV in the isotonic solution (left) and ""70 seconds after the application of the hypotonic solution (right). It is evident that the amplitude of 1Ca was not affected by the 70% hypotonic solution. On the other hand, the amplitude of IK, measured as a time-dependent increase at +40 mV or the tail current on repolarization, increased remarkably in the hypotonic solution. Fig 1C shows the I-V relations of the initial and late currents. The I-V relations for the peak inward currents in the isotonic (0) and hypotonic (A) solutions suggested that the gating kinetics and the conductance for lc, were not modified by the intervention. In the I-V curve for late currents, the amplitude of the outward current in the hypotonic solution (A) is obviously larger than that in the isotonic solution (0) over the range more positive than -10 mV. by depolarizing pulses to +40 mV, showed a marked decrease after switching to the hypertonic solution, as shown in Fig 3A. Reapplication of isotonic solution recovered the amplitude of IK. In the recordings of the expanded time scale in Fig 3B, the initial inward jump of the current on depolarization may be due to the strong inward rectification of 1K1, and the entire time-dependent change might be solely due to the activation of IK. In this experiment, the amplitude of IK decreased to 45% of the control value 20 seconds after the hypertonic superfusion. In the same experiment, the hypertonic solution only slightly decreased the amplitude of lCa recorded by the depolarizing pulse to 0 mV. In all of five experiments, the amplitude of IK at +30 or +40 mV decreased by 44±2% after a 20-second perfusion of the hypertonic solution. In these experiments, no consistent change of 'Ca was observed in the hypertonic solution.
Enhancement of Ipump in Hypotonic Solution
In the above experiments using a 10 mmol/L Na+ pipette solution, no obvious change was noticed in the amplitude of the time-independent current components. However, the Na+-K+ pump may respond to a change in the cellular volume in the hypotonic solution. 13 To examine Ipump, the Ca2' and K+ conductances were blocked, and the recording of Ipump was facilitated by enlarging 'pump using the high-Na+ pipette solution.
The membrane conductance was measured by using ramp pulses. The external application of the hypotonic solution (Fig 4A) Fig 4B shows the I-V relations in the control (0) and hypotonic (A) solutions. In the control condition, the reversal potential of the net membrane current was near -100 mV because of the enhancement of the Na+-K+ pump activity by the high-Na+ pipette solution. The hypotonic solution shifted the I-V curve outwardly over the entire potential range examined, so that the two I-V curves did not cross over. This finding indicates that the current change caused by the hypotonic solution is not attributable to any ionic membrane conductance but suggests an involvement of the Na+-K+ pump. To confirm whether or not the 'pump is actually activated by hypotonic stimulation, effects of ouabain were investigated. As shown in Fig 4A, the application of ouabain caused a marked inward shift of the holding current, suggesting a large contribution of the Na+-K+ pump. After washing out ouabain, the holding current gradually returned. In other experiments (n=7), it was observed that the application of hypotonic solution in the presence of ouabain failed to induce the outward shift of the whole-cell current.
To quantify the enhancement of Ipump, the current recorded in the presence of ouabain was subtracted from those recorded in each experimental condition to obtain the ouabain-sensitive current. The I-V relations in Fig 4C indicate To exclude the possibility that the elevation of Ipump was secondary to an increase of an unknown membrane Na+ conductance and a rise in the cytosolic [Na+], the whole-cell current was recorded by using both the Na+-free external solution and the high-Na+ (45 mmol/L) pipette solution. Ipump was increased by hypotonic stimulation to 172%, 194%, and 156% of the control value in 3 of 15 experiments. Thus, a sodium influx, if any, is not required for the activation of lpump in the hypotonic solution.
The Na+ is provided to the cell through diffusion from the pipette solution and pumped out by the Na+-K+ pump.14 We examined whether this diffusion of Na+ from the pipette to the cell is a rate-limiting step In the experiment shown in Fig 5, hypotonic solution.4 In the present study, the increase of lCI was observed when the high-Na+ (35 to 45 mmol/L) pipette solution was used. As shown in Fig 6A, the holding current at 0 mV gradually shifted outwardly with a delay of -20 seconds after switching to the hypotonic solution, accompanied with a marked increase in the membrane conductance. On washing out the hypotonic solution, these responses disappeared. The second application of the hypotonic solution induced a similar outward shift of the holding current, but the time course of activation was accelerated.
The increased current was attributed to a Cl-conductance by measuring I-V relations (Fig 6B) No marked difference was observed in the measurements of time constants for data obtained in the isotonic and hypotonic solutions. The quasi-steady-state degree of activation was measured by applying depolarizing pulses of 3 seconds in duration and by measuring the amplitude of tail currents at -40 mV. The voltage relations of the tail amplitude in the isotonic and that in the hypertonic solutions were fitted to the Boltzmann curve as shown in Fig 9. The values of the slope factor were 10+2 and 11 1 mV in the isotonic and hypotonic solutions, M4 Slow comp. 20) of consecutive recordings of IK, activated by an identical pulse, were digitized after a low-pass filter (1.5 kHz), and mean±variance (a2) was calculated for n digital points at the same sampling time, step by step over the entire pulse duration. The variance-mean relation in Fig 10 was fitted to the following binomial distribution: (1) o'=N.*P0(1-p)i2
where N is the number of channels, P0 is open probability, i is the unit amplitude of the current, and I is the mean current amplitude, given as iNPO. In both the isotonic and the hypotonic solutions, the relations were well fitted by Equation 1, with the amplitude of single-channel current, which was determined by the initial slope of the relation, was not modified in the hypotonic solution.
In agreement with the above view, no obvious change was observed in the reversal potential of IK. In the experiment shown in Fig 11, (Fig 7B) . This result may suggest that IKr was also increased by the hypotonic solution.
The involvement of either the protein kinases or Ca2+ described in the previous studies17-20 was also ruled out from the major mechanisms underlying the 'K response.
One obvious possibility, which remained unexamined, was the increase in the number of available channels induced directly by the stretching of the cell membrane. No quantitative measurement of the strength of stretch applied to the membrane in the hypotonic solutions is available in the present study. However, the response of IK to the external osmolarity change developed soon after switching the solution and became saturated within 50 seconds. This was in contrast to the response of 1c,, which was delayed and progressive during the hypotonic superfusion. Different time courses of activation between K+ and Cl-conductances were also reported in the intestinal epithelial cells.6
The enhancement of Ipump by the superfusion of the hypotonic solution took a time course similar to or slightly slower than the response of IK. The response started without delay and became saturated to "-166% of the control value within 50 to 150 seconds after switching to the hypotonic solution. We excluded the possibility that the pump enhancement was secondary to an accumulation of the cytosolic Na+, since the response could be observed in the absence of the external Na+. Thus, the stimulation of the Na+-K+ pump directly by the stretch of the membrane might be expected.
In contrast to the 'K response (100%), the increase of IpUmp was observed only in 45% and 75% of the experiments, when the pipette [Na+] The external application of hypotonic solution reversibly increased the Cl-conductance. This increase of Clconductance was observed mostly when the elevation of Ipump was marginal (Table) and was progressive during the hypotonic stimulation. The application of the highNa+ pipette solution might facilitate the cell swelling in the hypotonic solution, because the osmotic contribution of Na+ may be larger than that of Cs+, provided that the membrane background conductance is larger for Cs+ than for Na+. 26 The failure of the Na+-K+ pump activation in the hypotonic solution might cause an accumulation of Na+ and facilitate the cell swelling.
In respect to both the outward rectification of the Ehara and Hasegawa30 observed that the action potential of guinea pig papillary muscle was prolonged in the hypertonic solution and reduced in the hypertonic solution. These findings are well explained by the decrease and increase of IK observed in the corresponding osmotic solutions. In the experiment using whole-heart preparation, an application of volume overload by the use of a balloon in the left ventricle decreased the action potential duration through an acceleration of phase 3 repolarization.31 This finding may also be explained by the change in IK. However, at present we cannot conclude that the increase of IK is due to the stretching applied to the cell membrane as a result of cell swelling. In the present study, the response of IK was observed over the range of 70% to 130% of normal osmolarity and was completely reversible. It may thus be concluded that IK takes the role of osmoelectrical signal transduction in the cardiac ventricular cells.
